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Abstract-A hybrid RamanlEDF amplifier topology with a 
novel hybrid gain control (HGC) scheme based on joint actuation 
to provide flattened spectral gain together with improved noise 
figure was developed. This paper compares the hybrid amplifier 
performance with the most used optical amplifier topology to 
provide flat spectral gain (two-stage EDFA with coupled AGC), 
showing an improved of equivalent noise figure (1.12-6.53 dB) 
with flattened spectrum for all dynamic operation range (full C­
band load). The hybrid amplifier yet improve the channels 
output OSNR along 100km SSMF span (1.67-5.04 dB) and 
reduces the channels OSNR degradation, enabling its use for 
WDM reconfigurable optical networks with 100 Gb/s advanced 
modulation formats transceivers. 
Keywords- Erbium doped fiber amplifier; Raman amplifier; 
Recofigurable WDM optical networks; Automatic gain control. 
I. INTRODUCTION 
Optical amplifiers are key elements in wavelength and 
waveband routed dynamic DWDM networks. While the 
capacity of optical transmission systems is increasing with 
higher bit rates and more complex modulation schemes to 
meet growing bandwidth demand [1], large changes in the 
channel loading or input powers of the optical amplifiers can 
result in branching networks faults [2]. Then, dynamic gain 
control and spectral gain flatness become fundamental features 
of the optical amplifiers [2], [3]. 
The two-stage erbium doped fiber amplifier (EDFA) with 
coupled automatic gain control (AGC) [4] is the mostly used 
optical amplifier topology to provide variable AGC with 
flattened spectral gain for dynamic optical DWDM networks. 
Unfortunately, the flattened spectral gain for the full range of 
controlled gain values is achieved only at the expense of 
degraded noise figure (NF). This noise figure penalty is 
particularly detrimental because advanced modulation formats 
for high-rate channels (100 Gb/s and beyond) are being widely 
deployed, imposing a growing demand for better noise 
performance in optical amplifiers [1]-[3]. 
Then, there is a clear need to develop new optical amplifier 
structures with variable AGC, to provide both, flat spectral 
978-1-4799-1397-8/13/$31.00 ©2013 IEEE 
Murilo A. Romero 
Department of Electrical and Computer Engineering, 
University of Sao Paulo (USP), 
13566-590, Sao Carlos-SP, Brazil 
murilo.romero@usp.br 
gain with lower noise figures, for variable AGC gain setpoint 
range, as well as for the full input power operation range of 
the amplifier. 
Keeping this goal in mind, here we propose and 
demonstrate a single structure hybrid EDF A/Raman optical 
amplifier composed by a counter-propagating distributed 
Raman (DRA) and EDF A with a novel hybrid gain control 
(HGC), which makes use in a simultaneous and 
complementary way of these two types of amplification 
techniques, providing flattened gain spectrum and enhanced 
noise figure for all input power operation range. The superior 
performance of the developed hybrid amplifier, when 
compared to a conventional two-stage EDFA (EDFA-VOA­
EDF A) with coupled AGC is evaluated through an optical 
WDM system power mask characterizer, considering a system 
with 100 km SSMF (G.652) span, 40 channels along the full 
C band, total amplifier input power varying from 1 to -28 dBm 
(19 dB of dynamic range), and AGC gain setpoint varying 
from 17 to 27 dB. 
We achieved a flattened gain spectrum with maximum 
equivalent noise figure ranging from 1.12 to 6.53 dB for the 
complete power mask operation for the proposed 
RamaniEDFA amplifier, compared to 6.22 to 9.26 dB 
obtained for EDFA-VOA-EDFA. We also evaluated the 
system OSNR improvement for the boundary power mask 
points and for all AGC range when the amplifier is operating 
in deep saturation mode (i.e, different input power and AGC 
setpoint to provide maximum amplifier output power). The 
corresponding channels output OSNR for the proposed 
amplifier with HGC shows a mean channels output OSNR 
improvement from 1.67 to 5.04 dB when compared to the 
EDFA-VOA-EDFA amplifier. 
The paper is organized as follow: Section II presents the 
experimental setup to characterize EDFA-VOA-EDFA and the 
proposed hybrid amplifier within the defmed operation power 
mask. Section III presents the results and discussions about the 
experimental performance from both amplifiers, and the 
Section IV presents the conclusions. 
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Fig. 1: (a) Two stage EDF amplifier with control unit optical circuit (EDFA-VOA-EDFA), (b) Hybrid DRAlEDF amplifier with control unit optical circuit 
(c) Amplifiers system characterization setup, (d) Power mask related to parameter of interest and boundary performance points (P1,P2,P3 and P4) 
II. EXPERIMENTAL SETUP 
The experimental two-stage EDF A with coupled AGC 
optical circuit is illustrated at Fig. l(a), and consists in two co­
propagate EDF As with 980 nm pumps with an intermediate 
gain flattened filter (GFF) and variable optical attenuator 
(VOA). To provide spectral gain flatness for all setpoint gain 
range, both amplifiers stages were designed to operate at 
nominal gain (totalizing the maximum setpoint gain), the 
operation point which GFF curve was designed, then the VOA 
attenuation is controlled to provide all the setpoint gain range 
with flattened spectrum [4]. 
The experimental hybrid DRAIEDF A amplifier unit is 
based on Fig. l(b) optical circuit, and consists in a two pump 
(1425 and 1452 nm) counter-propagating DRA gain stage 
followed by a co-propagate pump (980 nm) EDFA gain stage 
with GFF, where the control unit executes the HGC algorithm 
[5]. This hybrid amplifier considers both amplifier technologies 
(EDFA and counter-propagating DRA) in a single amplifier 
structure. The HGC scheme is based on an EDF A with custom 
designed GFF to provide flat spectral gain for full C-band at 
the nominal gain [6] which is the lowest gain value from the 
gain setpoint range. Then for higher setpoint gains, the multi­
pump DRA on-off AGC provides the remainder gain [5]. 
For the two amplifiers tested in this paper, it was defmed a 
test gain range from 17 to 27 dB. Thus, the hybrid amplifier 
EDF A stage was designed to provide 17 dB of flat gain, jointly 
with a DRA providing up to 10 dB of on-off AGe. 
The DRA on-off AGC is carried out through a total output 
power with Raman pumps off blind estimation, avoiding the 
need to tum off Raman pumps to measure the on-off gain. In 
addition, a feed-forward control to determine the DRA pump 
level is used to assure the desired on-off gain, through 
polynomial fit equations (one for each setpoint gain) [5]. The 
coefficients for DRA on-off AGC polynomial fit were 
obtained characterizing the DRA, one time per each fiber type 
(spans longer than 60 km), through the automatic amplifiers 
and/or optical system characterizer showed on Fig. l(c). The 
on-off DRA AGC algorithm, recursively runs, controlling 
precisely the DRA on-off gain, which after three iterations 
presents a maximum gain error of 0.5 dB. 
Fig. l(c) illustrates the optical amplifier characterizer built 
to evaluate the dynamic behavior of the optical amplifiers 
(operating on a 100 km SSMF span) tested in this paper. The 
first section of the characterizer consists of a channels 
equalizer loop, which adjusts all 40 channels lasers (from 
192.1 to 196 THz) to provide flat and amplified spectrum at 
the auxiliary amplifier output. The second part of the 
characterizer controls a bench top VOA (to adjust the amplifier 
input power) and the amplifier setpoint gain in order to sweep 
all amplifier topology power mask. It uses the minimum gain 
(17 dB), maximum gain (27 dB), maximum output power 
(18 dBm), mmlmum input power (-28 dBm), and 
measurement step (1 dB) input parameters to calculate the 
dynamic range (19 dB), maximum input power (1 dBm), 
minimum output power (-1 dBm), and all needed power mask 
points regarding to a interest characterization parameter (noise 
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Fig. 3: (a) Maximum EDFA-VOA-EDFA with coupled AGC NF mask, (b) maximum hybrid amplifier with HGC equivalent NF mask. 
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figure, gain flatness and others), as illustrated in Fig. I(d). Still equal to the noise figure [1]) over the power mask, measured 
in Fig I(d) the operation points PI, P2, P3 and P4 represents for the EDFA-VOA-EDFA with coupled AGC, and the 
the critical limit performance boundaries operation points. equivalent noise figure for the hybrid amplifier with HGC, 
The characterization procedure stores the input and output respectively. There is a clear advantage concerning the NF 
spectrum for all power mask points (considering all the 40 performance. The hybrid amplifier obtained a minimum NF of 
channels transmitted through the system). Then, for each l. l2 dB compared to a minimum NF of 6.22 dB for the 
power mask operation point, the data is processed to find the EDF A-VOA-EDF A (4.58 dB NF improvement), and obtained 
spectral gain flatness, AGC accuracy and maximum channel a maximum NF of 6.53 dB compared to a maximum NF of 
NF (or equivalent NF when DRA amplifier is used). A fixed 9.26 dB at EDFA-VOA-EDFA (2.73 dB NF improvement). 
full C-band channel loading was used to evaluate the amplifier Fig. 4 illustrates the power mask critical operation points 
performance considering worst flatness and NF scenarios. PI and P2 presenting the input, output and target output 
We carried out a performance comparison between the spectra, together with channels gains for both tested 
two-stage EDF A with coupled AGC and the proposed hybrid amplifiers. These operation points represent the comer points 
Raman/EDFA amplifier with HGC, for the mentioned gain for the lowest setpoint gain from the gain range (17 dB), PI is 
and power ranges, in a 40-channel loading optical system. obtained when the total input power is adjusted to 1 dBm and 
Next section details all the results and discussions. P2 is obtained for total input power adjusted to -18 dBm. 
III. RESULTS AND DISCUSSIONS 
Figs. 3(a) and 3(b) depict the maximum equivalent noise 
figure (for discrete amplifiers the equivalent noise figure is 
Fig. 4(a) shows the measured input and output spectra 
regarding to EDFA-VOA-EDFA amplifier for PI, Fig. 4(b) 
shows the same measurement for the hybrid amplifier, while 
the Fig 4( c) shows in details all channels gains and the target 
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Fig 4: (a) EDFA-VOA-EDFA amplifier input spectrum, output spectrum and target channel output power for PI operation point (input power = I dBm and 
setpoint gain = 17 dB), (d) same for P2 operation point (input power = -18 dBm and setpoint gain = 17 dB), (b) hybrid amplifier input spectrum (Raman pumps 
off), output spectrum and target channel output power for PI, (e) same for P2 (c) Channel gain per wavelength for tested amplifiers for PI, (f) same for P2. 
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Fig 5: (a) EDFA-VOA-EDFA amplifier input spectrum, output spectrum and target channel output power for P3 operation point (input power = -9 dBm, setpoint 
gain = 27 dB), (d) same for P4 operation point (input power = -28 dBm, setpoint gain = 27 dB), (b) hybrid amplifier input spectrum (Raman pumps oft), output 
spectrum and target channel output power for P3, (e) same for P4, (c) Channel gain per wavelength for tested amplifiers for P3, (t) same for P4. 
gain aimed for both amplifiers for PI. The hybrid amplifier 
enhanced OSNR benefit could be visualized through the lower 
output noise level presented at Fig. 4(b) compared to the same 
from the Fig. 4(a), it is clear to see too that the hybrid 
amplifier provides more flattened gain compared to the 
EDFA-VOA-EDFA for the point PI through the Fig. 4(c). For 
P2 (lower input power), stays more clear the OSNR 
improvement provided by the hybrid amplifier by comparison 
of the noise level from Fig. 4(e) related to the EDFA-VOA­
EDF A noise level at Fig. 4( d), as it is clear to see better 
spectral gain flatness at hybrid amplifier in Fig. 4(t). 
Fig. 5 illustrates the same as Fig. 4, but considering the 
power mask critical operation points P3 and P4. These points 
represent the comer points for the highest setpoint gain from 
the gain range (27 dB), P3 is obtained when the total input 
power is adjusted to -9 dBm and P4 is obtained for total input 
power adjusted to -28 dBm. 
At Fig. 5 it is clear to visualize that the hybrid amplifier 
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Fig 6: Channel output OSNR for EDFA-VOA-EDFA (Topology I) and 
Hybrid amplifier (Topology 2) at power mask points PI, P2, P3 and P4. 
enhances the OSNR compared to the EDFA-VOA-EDFA 
through comparing the lower noise level between Fig. 5(b) 
against Fig. 5(a) or Fig. 5(e) against Fig. 5(d). For the highest 
gain setpoint (P3 and P4) it is clear to see the OSNR 
enhancement level compared to the PI and P2 case, this could 
be see comparing Fig. 5 (b)/(a) with the Fig. 4 (b)/(a) and 
Fig. 5 (e)/(d) with the Fig. 4 (e)/(d). Fig. 5(c) shows that the 
hybrid amplifier presents better spectral gain flatness 
compared to the EDFA-VOA-EDFA, but it is observed an 
inverse spectral gain tilt comparing to the Fig 4 (c). For P4 
(lowest input power point), it is very clear to see the OSNR 
improvement provided by the hybrid amplifier comparing the 
higher channels output OSNR from Fig. 5( e) compared to the 
Fig. 5( d), but a similar spectral gain flatness for both 
amplifiers is observed at Fig. 5(t), but is noted that the hybrid 
amplifier control more accurately the channel gain. 
Fig. 6 illustrates for the power mask boundary operation 
points (PI, P2, P3 and P4) and both experimented amplifiers 
topologies all channels output channel OSNR. The Fig. 6 
clearly shows that the hybrid amplifier topology (Top. 2, 
represented by green triangles with line) provides higher 
levels of OSNR comparing to the same point regarding to the 
EDFA-VOA-EDFA topology (Top. 1, represented by blue 
triangles without line). Through comparing both amplifiers 
topologies at Fig. 6, it can be seen that the OSNR 
enhancement level for points P3 and P4 (27 dB setpoint gain) 
are higher than the same for points P I and P2 (17 dB). This 
occurs due the hybrid amplifier HGC that provides more DRA 
on-off gain for higher gains compared to lower gains. 
Table I numerically shows all the illustrated information 
from Fig. 4, 5 and 6 regarding to channels gain, mean output 
channels OSNR and mean channels OSNR improvement for 
both experimental evaluated amplifier topologies. 
TABLE I. SUMMARY PERFORMANCE FOR BOUNDARY POWER MASK POINTS REGARDING TO SPECTRAL GAIN FLATNESS, CHANNELS GAIN AND OSNR 
Operation Point Amplifier Topology Setpoint (dB) Mean Ch. gain (dB) 
PI 
EDF A-VOA-EDFA 
17.00 
16.97 
Hybrid Amplifier 16.98 
P2 
EDFA-VOA-EDFA 
17.00 
16.78 
Hybrid Amplifier 17.12 
P3 
EDFA-VOA-EDFA 
27.00 
27.03 
Hybrid Amplifier 26.49 
P4 
EDF A-VOA-EDF A 
27.00 
24.01 
Hybrid Amplifier 26.11 
From Table I, it can be numerically confIrmed that the 
hybrid optical amplifIer provides channels gain control 
accuracy below 1 dB for all power mask, while the EDFA­
VOA-EDF A presents a gain control error of approximately 
3 dB for the lowest input power region (P4). It also can be 
noted that while EDF A-VOA-EDF A presents spectral flatness 
of at least 1.41 dB, the hybrid amplifIer presents spectral 
flatness around I dB for all power mask region for the lowest 
imput power region (P4), the hybrid amplifer could improve 
the spectral gain flatness through the DRA pumps ratio, while 
the EDF A-VOA-EDF A does not have option to do this. 
Still at Table I, it can be seen that for the hybrid amplifIer, 
a mean output channels OSNR enhancement of at least 1.67 to 
5.04 dB is achieved compared to the EDFA-VOA-EDFA 
amplifier topology. Finally it can also be seen that the worst 
OSNR level at hybrid amplifier it is 12.93 dB while the 
EDFA-VOA-EDFA presents 7.89 dB, as it is well know that 
minimum OSNR required for 100 Gb/s systems is 12.5 dB, the 
hybrid amplifIer could operate along all power mask for this 
type of transponder while the EDFA-VOA-EDFA does not. 
In addition, Fig. 7 presents the channel output OSNR for 
the tested amplifIers operating in deep saturation regime for all 
AGC setpoints (input powers range from 1 to -9 dBm and 
setpoints gains from 17 to 27 dB to provide the maximum 
amplifIer output power, 18 dBm). It is easy to see the hybrid 
amplifIer higher output OSNR and the lower output OSNR 
variation compared to EDF A-VOA-EDF A topology. 
It should be pointed out that previously developed 
DRA/EDF A hybrid amplifIers were developed for static 
WDM networks [1]-[3] or implemented AGC schemes using 
only discrete technologies, exhibiting higher noise fIgures [7]. 
In our case, flat spectral gain is achieved mainly due the 
low cross gain modulation effect generated at the DRA [8], 
together with the EDF A AGC stage operating at the nominal 
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Fig 7: Mean channel output OSNR (and variation) for both tested amplifiers 
in deep saturation operation condition 
Min. Ch. Max. Ch. Flatness Mean Ch. Ch. OSNR 
gain (dB) Gain (dB) (dB) OSNR (dB) Improve (dB) 
16.28 17.69 1.41 33.16 -
16.43 17.46 1.03 34.83 1.67 
15.90 17.71 1.81 15.38 -
16.72 17.52 0.80 18.27 2.89 
26.37 27.88 1.51 26.87 -
26.15 27.14 0.99 31.44 4.57 
23.28 24.80 1.52 7.89 -
25.53 27.07 1.52 12.93 5.04 
gain, which was previously showed that provides flat spectral 
gain [6], due the constant popUlation inversion at the EDFA 
AGC stage. Additionally, the DRA amplifIer improves the 
effective noise figure of the proposed amplifIer due the 
distributed gain at the transmission span [1]. 
IV. CONCLUSION 
In this paper it was presented a novel HGC for 
Raman/EDF A amplifIer topology, which provides lower noise 
fIgure when compared to conventional EDFA-VOA-EDFA 
with coupled AGC, for the designed gains control range. It 
was also showed that the designed amplifIer improves the 
channels output OSNR for all dynamic operation range in 
optical WDM networks. 
The proposed amplifIer with HGC will be useful in 
dynamic WDM networks with advanced modulation formats 
channels (100 Gb/s and beyond), which requires amplifIers 
with flat gain spectrum, lower noise fIgures and high output 
power for the designed gain control range. 
ACKNOWLEDGMENT 
Thanks for FUNTTELiFINEP and CPqD financial support. 
REFERENCE 
[1] J. Rahn, et aI., "250Gb/s Real-time PIC-based Super­
Channel Transmission over a Gridless 6000km Terrestrial 
Link," OFC 2012, paper PDP5D.5. 
[2] J.Zyskind and Atul Srivastava, "Optically Amplified 
WDM Networks", Academic Press, 2011. 
[3] B. Zhu, et ai., "Recent Progress in Transmission Fibers for 
Capacity beyond 100-Tbit/s," OFC 2012, paper OW lD.5. 
[4] M. H. A. Bakar et ai., "Variable gain-flattened L-band 
EDF amplifIer" Laser. Phys. vo1.21, pp.1638, 2011. 
[5] J. R. F. de Oliveira et ai., "Hybrid Distributed Raman/ 
EDF A AmplifIer with Novel Automatic Gain Control for 
ReconfIgurable WDM Optical Networks," MOMAG 2012. 
[6] M. Pal et aI., "Study of gain flatness for multi-channel 
amplification in single stage EDF A for WDM 
applications", in Opt. Quant. Electron. 39, 1231 (2007). 
[7] 1. H. Lee et aI., "A detailed experimental study on single­
pump Raman/EDFA hybrid amplifIers: static, dynamic, 
and system performance comparison," 1. Lightwave 
Technol., vo1.23, no.11, pp.3484, Nov. 2005. 
[8] 1. C. Dung et ai., "Gain stability in a distributed Raman 
amplifIer for a wavelength-division multiplexing system", 
Opt. Eng. voi.49, pp.045003 (2010). 
